Abstract Since the development of imatinib and other tyrosine kinase inhibitors (TKIs), the prognosis for patients with chronic myeloid leukemia (CML) has markedly improved, such that most patients diagnosed with CML can now expect to live with their disease rather than die from it. However, most patients will require long-term treatment, which has deleterious effects on health-related quality of life. We review recent literature on drug-related adverse effects, long-term medication adherence, limitations to fertility and pregnancy, effects on cognitive function, ability to work, financial toxicity, pediatric populations, and treatment discontinuation. While patients with CML are fortunate to have excellent therapies available to control their disease, many are unable to lead normal lives, which challenges the notion that research is no longer needed in CML. Curing CML, i.e., no detectable disease and no need for daily medications, should remain the ultimate goal.
Introduction
Since the development of imatinib and other tyrosine kinase inhibitors (TKIs), the prognosis for patients with chronic myeloid leukemia (CML) has markedly improved, such that most patients diagnosed with CML can now expect to live with their disease rather than die from it. However, to achieve this, most patients will require long-term-often lifelong-treatment. TKIs offer significant improvements in survival and toxicity compared to other treatments for CML but are nonetheless still associated with diminished health-related quality of life [1, 2] . While there remains a paucity of evidence-based data on long-term outcomes on which to base clinical treatment decisions [3] , the recent literature does include some new evidence for the effects of long-term therapy on patients' lives. We review this recent literature, including drug-related adverse effects and patient-reported symptoms for each of the main treatment options, long-term medication adherence, limitations to fertility and pregnancy, effects on cognitive function, ability to work, financial hardships, children and adolescents, unmet needs, and discontinuation of TKIs.
Adverse Events
All treatments used for the long-term treatment of patients with CML have associated side effects. Much attention is paid to the grade 3 (severe) and 4 (life-threatening) toxicities reported in clinical trials (based on the National Cancer Institute's Common Toxicity Criteria) because these may lead to drug discontinuation, hospitalization, or death. However, even grade 1 (mild) and 2 (moderate) toxicities are notable in the CML patient population because, if they are a side effect of a TKI that requires lifelong daily dosing, patients will likely have to live with these effects for the rest of their lives. In general, grade 1 toxicities can be relieved by rest, while grade 2 toxicities limit instrumental activities of daily living, things like preparing meals, shopping, using the telephone, and managing money. For example, a grade 2 diarrhea is 4-6 stools/day; clearly, this would be disruptive to a patient's everyday life. This was demonstrated in a study by Guerin et al. (2014) , in which the investigators correlated low grade adverse events with the self-reported health-related quality of life of patients enrolled on the ENESTnd trial (Evaluating Nilotinib Efficacy and Safety in Clinical Trials-Newly Diagnosed Patients). The ENESTnd trial was a large trial that randomized 846 patients with newly diagnosed CML to imatinib 400 mg daily, nilotinib 300 mg twice daily, or nilotinib 400 mg twice daily. Even lowgrade (that is, grade 1 or 2) adverse events of the gastrointestinal system, blood and lymphatic system disorders, musculoskeletal disorders, general disorders, and psychiatric disorders were significantly correlated with patients' reports of their health-related quality of life as measured by a general measure (the SF-36) as well as a disease-specific measure (FACT-Leu) [4] .
We now describe the more common grade 1 and 2 side effects associated with specific treatments, as typically a grade 3 or 4 toxicity would result in either discontinuation of the drug or dose adjustment until the adverse event resolves or is reduced to a grade 1 or 2.
Imatinib
In a study by Kalmanti et al. (2015) reporting on the longterm follow-up of the randomized CML-study IV, 1503 patients received imatinib, and 1379 received imatinib monotherapy. Of those, 406 patients received imatinib 400 mg. With a median follow-up of 7 years, the 8-year probability of having at least one non-hematologic adverse reaction was 64.5 %, and among patients who received imatinib 400 mg daily, 11.8 % had at least one nonhematologic grade 3-4 toxicity. The most commonly reported grade 1 and 2 adverse events were edema (38 %), gastrointestinal toxicity (35 %), myalgia (22 %), fatigue (14 %), skin (18 %), musculoskeletal (18 %), and constitutional (8 %) symptoms. Interestingly, most adverse reactions occurred in the first 1-3 years of imatinib treatment, and no new late toxicities were observed [5••] .
Dasatinib
In the 3-year follow-up of the DASISION trial (Dasatinib versus Imatinib Study In treatment Naive CML patients) [6] , the following grade 1 or 2 adverse events were reported: fluid retention (29 %), myalgia (23 %), nausea (10 %), diarrhea (20 %), rash (13 %), headache (13 %), and fatigue (9 %). There was no increase in the incidence of adverse events in the first 3 years. However, in the 5-year follow-up, the incidence of pleural effusions with dasatinib continued to increase with 29 % of patients overall experiencing pleural effusions. Ninety percent of patients who developed a pleural effusion had a grade 1 or 2 pleural effusion. The median time to developing an effusion was 114 weeks with a range of 4-229 weeks [7] . A grade 1 effusion is asymptomatic, while a grade 2 effusion is a symptomatic effusion requiring intervention, such as diuretics or up to two therapeutic thoracenteses. In the 6-year follow-up of patients receiving dasatinib after imatinib failure/intolerance, 670 patients received dasatinib in four different regimens/ doses. The rate of side effects did not increase after 2 years; however, patients continued to experience grade 1 or 2 side effects up to 6 years. The rates of grade 1 or 2 toxicities were as follows: 46 % with headache, 45 % with musculoskeletal pain, 37 % with diarrhea, 33 % with fatigue, 31 % with dyspnea, 29 % with arthralgia, 22 % with hemorrhage, 21 % with abdominal pain, 21 % with nausea, and 20 % with pleural effusion [8••] .
Bosutinib
In a recent update of the BELA trial (Bosutinib Efficacy and Safety in Newly Diagnosed Chronic Myeloid Leukemia), 500 patients with CML were randomized to either imatinib or bosutinib. For patients receiving bosutinib at 2 years, grade 1 or 2 side effects were reported by patients as follows: diarrhea by 58 %, nausea by 31 %, vomiting by 31 %, rash by 22 %, headache by 12 %, fatigue by 12 %, and arthralgia by 7 % [9] .
Nilotinib
With nilotinib, the most common grade 1 and 2 toxicities include headache (36 %), nausea (31 %), rash (30 %), pruritus (14 %), fatigue (11 %), and alopecia (7 %) [10] . With longer-term follow-up at 2 [11] and 3 years [12] , there was no worsening or increase in toxicity. However, cardiovascular toxicities are one of the long-term side effects that are especially concerning. In the 5-year follow-up of the ENESTnd study, the rates of cardiovascular complications were 2.1, 6.8, and 12.6 % for imatinib 400 mg daily, nilotinib 300 mg twice daily, and nilotinib 400 mg twice daily, respectively [13] . Cardiovascular complications include ischemic heart disease, cerebrovascular side effects, and peripheral arterial disease, with clear bearing on patients' health-related quality of life.
Stem Cell Treatment
While not a viable alternative to TKI therapy for many patients, one recent study in China compared patient-reported symptoms and function (using the SF-36) for patients on imatinib to those who had received hematopoietic stem cell treatment from an HLA-identical sibling donor. At 2-11 years after treatment, the 96 patients who had received stem cell treatment had higher scores on both the role-physical functioning (3.2 points, p = 0.048) and mental health subscales (2.3 points, p = 0.024) than did the 126 patients who were on imatinib. Patients on imatinib had higher scores on the bodily pain (2.7 points, p = 0.015) subscale. There were no significant differences in the other five subscales (physical functioning, general health, vitality, social functioning, or role-emotional functioning). It is also notable that the physical and mental component summary scores were comparable to those in the U.S. general population (∼50) [14••] .
Long-Term Adherence
A critical consideration for patients on long-term medications is adherence to the prescribed regimen. Multiple studies have demonstrated a clear correlation between medication adherence and outcomes. In a study in Taiwan, the 4-year survival rate was 91 % in adherent patients compared to 72 % in nonadherent patients [15] . Adherence in this study was defined using the medication possession ratio-that is, the ratio of each patient's total number of days of supply of imatinib prescriptions by the prescription duration-and a cutoff of 90 %. [17] . In this study, 31 % of patients met the criteria for non-adherence with their prescribed medication regimen. Surprisingly, younger patients (less than 50 years old), those not receiving any other medications, and patients on imatinib were those that were most likely to be non-adherent. In a survey of 1133 patients from 28 Italian centers, only 4 % reported missing >4 days/ month of therapy. More patients (8 %) missed a dose because of forgetfulness or feeling sick rather than because they felt a sense of wellness (4 %) [18] . Finally, another Italian study of 175 patients reporting intentional and unintentional reasons for not fully adhering to imatinib found that unintentional nonadherers tended to be younger and more likely to be male, whereas those who intentionally missed doses reported worse health-related quality of life and higher symptom severity [19] .
Another factor related to adherence is the particular dosing and dietary requirements associated with each drug, what is also known as a negative medication experience [20•] . For example, imatinib has to be taken with a big meal, nilotinib is to be taken twice a day on an empty stomach, and dasatinib has to be taken with a full glass of water.
Medication restrictions could also pose a problem for patients. The use of proton pump inhibitors to treat gastroesophageal reflux disease (GERD) symptoms is generally contraindicated with TKIs. Other medications that have QT prolongation side effects have to either be discontinued or they require increased monitoring. Both of these options, whether increased monitoring or avoiding those medications, will affect a patient's health-related quality of life.
Fertility and Pregnancy
Approximately 27 % of patients diagnosed with CML are younger than 50 years old [21] , and fertility and pregnancy are major factors affecting quality of life. For men, while data is limited, generally, there does not seem to be a negative impact on fertility or pregnancy, at least for those taking imatinib [22, 23] . Even less data is available for the secondgeneration TKIs; however, they also appear to be relatively safe for men. Unfortunately, that does not appear to be the case for women taking TKIs. Several studies have shown an increased incidence of spontaneous abortions and congenital malformations among women who become pregnant while taking a TKI [24, 25] . Based on that, the current recommendation is to discontinue TKIs for women who wish to conceive [26••] .
Apart from fertility concerns and regardless of age, sexual function is an important component of health-related quality of life for many patients (and their partners). This is an understudied area in CML. We found no published articles dedicated to sexual function in patients on long-term therapy for CML; recent articles on sexual function among patients with cancer [23] or even specifically hematologic malignancies [24] have not presented data on CML.
Cognitive Function
One year after diagnosis of CML (86 % of sample) or myelodysplastic syndrome (14 % of sample), two diseases that do not typically involve the central nervous system, neuropsychological assessments were given to 77 patients to evaluate how treatments may affect cognitive function. For the CML patients, these treatments included imatinib and/ or stem cell treatment. The authors examined whether cognitive function was associated with changes in patient-reported symptoms and functioning. They found that simple reaction time, a component of cognitive function, was a consistent predictor of change in the SF-36 as well as another measure of overall function in day-to-day life, the Functional Living Index-Cancer [27] . This was a novel finding that warrants confirmation in other samples given the importance of cognitive function to daily life.
Ability to Work
Health-related quality of life, including the ability to work, was assessed in a phone survey of 663 patients with CML from a society registry in Brazil (the Brazilian Association of Lymphoma and Leukemia). The use of imatinib was associated with a better ability to work compared to chemotherapy (p = 0.017) and hydroxyurea (p = 0.001). This is important because the ability to work was also associated with higher scores on the FACT-G (p < 0.001) and the FACT-Leu (p < 0.001) [28] .
Financial Toxicity
Financial hardship was the topic of a recent (2015) Current Hematologic Malignancy Reports. Included in one of the manuscripts [29] was a study from 2014 showing that Bpatients with higher copayments are more likely to discontinue or be non-adherent to TKIs^from a study of 1541 patients with CML, based on health plan claims [30] . The very high cost of TKIs is a well-known problem [31] . Even with health insurance, a 20 % or even 10 % copayment represents a financial burden for many and is untenable for others.
Children and Adolescents
Although CML is rare in children and adolescents, this group of patients is particularly vulnerable to the long-term toxicities of TKIs. Recent reports have demonstrated growth abnormalities associated in pre-pubertal children and teens receiving imatinib [32, 33] . This growth retardation could be secondary to effects on the growth hormone/IGF-1 axis [34] . In addition, some case reports [35] and preclinical studies [36] have suggested a long-term effect on fertility. Finally, it seems probable that this group of patients maybe more vulnerable to the long-term cardiovascular side effects of TKIs given the longer duration of treatment; however, this has not been demonstrated to date. Adherence is another concern in adolescent and young adults. Younger age is a consistent predictor of poor adherence, which will affect the longterm outcomes in these patients. Based on these considerations, Hijiya et al. (2015) have recently recommended that finding a way to cure those patients should remain the ultimate goal [37] .
Unmet Needs
In a large survey of patients from 28 Italian centers (n = 1133), patients' overall ratings of their quality of life were 21.5 % Bperfect,^52 % Bgood,^and 24 % Bfair^ [18] . Notably, these patients expressed the desire to talk more with their physicians about anxiety, fear of the future, psychological problems, problems at work, relationships, and sexual problems. This finding highlights a largely ignored aspect of the care of patients with CML: these patients often spend less time with their treating physicians and thus have less time to discuss management of the low-grade side effects of their long-term therapies. Shorter visit times make some sense; from the oncologists' perspective, the treatment of CML is as good as it gets compared to treatments received by patients with other more advanced and/or less curable cancers. But patients with CML likely do not have this perspective, and many have unmet medical needs as a result.
Discontinuation of TKIs
Several studies have demonstrated the safety and feasibility of TKI discontinuation in patients with a deep molecular response [38••] . While data on the health-related quality of life of patients who discontinue TKIs are still limited, one unexpected effect has been noted: in one study, musculoskeletal pain was reported by approximately 30 % of patients after stopping TKIs [39] . This withdrawal syndrome was severe enough in some patients to require steroid therapy, and the symptom resolved after patients restarted a TKI. The mechanism of this musculoskeletal pain remains unclear.
Conclusions
Due to advancements in treatments, patients with CML now have a similar life expectancy to the general population. As a result of the outstanding survival of patients treated with TKIs in particular, the prevalence of the disease is rapidly increasing across the world. However, with this increased survival and increased prevalence, more emphasis should be placed on managing side effects to maximize the health-related quality of life of patients with CML. First, health care providers should be aware of the impact this disease and its treatments have on the health-related quality of life of patients, across a broad set of symptoms and functions. Addressing the various issues that arise is paramount in improving patients' healthrelated quality of life and maintaining patients' adherence and survival. The financial toxicity associated with this disease cannot be overemphasized, and lowering the price of drugs would alleviate some of the patient anxiety associated with the cost of treatment.
While patients with CML are fortunate to have excellent therapies available to control their disease, most do not lead normal lives due to the diminished health-related quality of life that is associated with long-term treatment. This challenges the notion that research is no longer needed in CML. Curing CML, i.e., no detectable disease and no need for daily medications, should remain the ultimate goal. Ehab Atallah reports personal fees from BMS and Pfizer.
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